Type I) has been developed to offer computational analysis methods to detect type I PKS (polyketide synthase) gene clusters in genome sequences. MAPSI provides a genome analysis component, which detects PKS gene clusters by identifying domains in proteins of a genome. MAPSI also contains databases on polyketides and genome annotation data, as well as analytic components such as new PKS assembly and domain analysis. The polyketide data and analysis component are accessible through Web interfaces and are displayed with diverse information. MAPSI, which was developed to aid researchers studying type I polyketides, provides diverse components to access and analyze polyketide information and should become a very powerful computational tool for polyketide research. The system can be extended through further studies of factors related to the biological activities of polyketides.
Polyketides, which are of considerable medicinal importance, with antibacterial, immunosuppressive, antitumor, and other pharmacological activities, are a large family of secondary metabolites produced by microorganisms. Polyketide synthesis has been found to resemble fatty acid biosynthesis [16, 26] , in that both involve the stepwise condensation of short carbon precursors [4] . The carbon frameworks of polyketides such as avermectin [8, 17] , erythromycin [2] , and rifamycin [6] are synthesized by a class of enzymes termed polyketide synthases (PKSs).
Type I PKSs are multifunctional enzymes composed of so-called modules [19, 20] , which process serial steps in polyketide chain elongation. Each module contains a catalytic domain that is involved in one step of polyketide chain extension from acyl-coenzyme A (CoA) substrates. Depending on the iteration of their activities, type I PKSs can be classified as modular [7, 25] or type I iterative [22] PKSs. Modular PKSs, which are mainly encoded by bacterial genomes, noniteratively process serial steps of polyketide chain elongation. Type I iterative PKSs, which are mainly found in fungi, are usually composed of a single module that is iteratively used in various condensation and chain elongation steps.
Each module of type I PKSs usually contains an acyltransferase (AT) domain, which selects and transfers extender units; an acyl carrier protein (ACP) domain, which tethers the growing polyketide chain to the PKS for condensation; and a ketoacyl synthase (KS) domain. These essential domains are complemented by a variable set of additional domains, including ketoreductase (KR), dehydratase (DH), and enoyl reductase (ER) domains. A thioesterase (TE) domain catalyzes the release of a polyketide product from the last PKS participating in chain elongation. Diverse carbon structures of polyketides are dictated by the order of the modules, each of which consists of sets of different domains.
PKS genes that synthesize a polyketide usually form a cluster on a genome. Thus, the chemical structure and activity of a polyketide can be easily modified through gene manipulations [13, 14] . Attributes of a polyketide, such as structure or activity, can be modified by changing the genes related to starting units [11, 15] and extender units [27] , as well as genes involved in the reduction of carbonyl carbons [18] , determining the length of the carbon chain [3] , and postprocessing. In addition, genetic engineering, whether by the fusion of different polyketides [10] or their biosynthesis in heterologous hosts [24] , was recently found to improve polyketide activities.
Because of their pharmaceutical importance, numerous polyketides have been identified over the past 30 years. As a result of intense interest in identifying new kinds of polyketides, the volume of data on polyketides and PKSs 
METHODS

Domain Identification
Because each carbon precursor is modified according to the domain composition of a module in each step of chain extension during polyketide biosynthesis, identifying the domain composition from putative PKS proteins is critical in the prediction of polyketide structures. Although PKS domains are highly conserved, several, especially DH domains, are not detected by most domain identification programs or databases, including InterProScan [29] , CDD (Conserved Domain Database) [12] , and PKSDB (Polyketide Synthesis Database) [28] .
MAPSI predicts domain composition from protein sequences, and HMMER [5] is used to identify each domain. The main algorithm of HMMER is a profile Hidden Markov Model (HMM), one of the most powerful methods used to detect conserved regions of proteins. Identification of domains from protein sequences using HMMER requires a matrix file containing profile information from HMM for aligned domains. Whereas most domains of each type, including KS, AT, DH, ER, and KR, are highly similar, some domains cannot be detected when a single profile matrix is used for each type. A hierarchical clustering algorithm [9] was therefore applied to construct multiple profile matrices of each type.
Hierarchical Clustering for Multiple Profile Matrices of Profile Hidden Markov Model
An average link method was used to measure distances of pairs and homologies of domain sequences, which were calculated by BLAST [1] . The first step of the clustering was to assign each domain sequence to an individual cluster. In the second step, distances between all possible pairs of clusters were compared to find the minimum distance. To compute the distance between two clusters, the average distance calculated from all cross-pairs of members in the clusters was taken. If the minimum distance was less than the cut-off value, the two clusters were merged. This second step was repeated until no distance less than the cut-off value remained.
Clusters containing fewer than five members were also merged. Following this process, the HMMER profile matrices for the clusters were constructed.
Prediction of Polyketide Synthase Gene Clusters from Genome Sequences
In many cases, one genome produces several different polyketides, and one polyketide can be produced by several different genomes. Because the relationships between polyketides and genomes are important in studying polyketides, genome-based polyketide analysis is required. PKS genes producing one kind of polyketide typically form a locational cluster in a genome. MAPSI identifies PKSs in genome sequences and predicts gene clusters for the PKSs (Fig. 1) . MAPSI accepts genome sequences in FASTA or GenBank format files. When only genome sequences are submitted, Glimmer [21] is used to predict genes, and their sequences are converted to proteins. The PKS gene clusters predicted by MAPSI are classified into two types. The first type produces known polyketides that have been included in the database. PKSs of these clusters are detected by measuring the homology between protein sequences of an annotated genome and all the PKS sequences in the database, using BLAST. If the identity match between two sequences is over 50% and their alignment length is more than 90% of both sequences, the protein and the PKS are regarded as synthesizing the same product. When a complete set of proteins corresponding to all PKSs for a polyketide in the database is detected in a cluster, they are regarded as producing a known polyketide in that genome.
The second type of PKS gene clusters consists of as yet unidentified clusters that produce putative polyketide candidates, which can be detected by domain identification. HMMER is used to identify domains from protein sequences of genomes. When the evalue of a protein fragment is less than e-10, it is regarded as a domain. If the protein has valid domain compositions, at least "KS-ACP" or "TE," it is annotated as a PKS. If the distance between neighboring proteins is less than 15 kilobases, they are included in the same cluster and the cluster is regarded as producing a novel polyketide.
Proteins that have PKS domains but do not belong to any cluster are annotated as ambiguous candidates of modular type PKSs in a bacterial genome or putative iterative type PKSs in a fungal genome.
RESULTS
Evaluation of Domain Identification
To assess the performance of the domain identification component developed in this study, two parameters, namely, SN (sensitivity) and PPV (positive predictive value), were used. SN is the ratio between the number of correctly predicted actual domains and the total number of actual domains in the test data set, and PPV is the ratio between the number of correctly predicted actual domains and the total number of predicted domains. Equations of the two parameters are as follows:
where TP (true positives) is the number of correctly predicted domains. FP (false positives) is the number of non-domain regions that are predicted as domains, and FN (false negatives) is the number of domains that are not predicted as domains.
The performance of MAPSI was compared to ASMPKS. Table 1 shows 
Database for Polyketides and Polyketide Synthase Gene Clusters
MapsiDB, which contains information on polyketides and related genome data, is a subsystem of MAPSI. MapsiDB consists of a polyketide database and a set of genomic data. The polyketide database contains polyketide data, including information on PKS genes, modules, domains, and assembly. To date, there are 66 data entries on type I polyketides, including 45 modular type and 21 iterative type polyketides. These data were collected by surveying journals and other online resources. The genomic data were gathered using the auto-annotation component, which analyzed about 800 chromosomes and plasmids, detecting 91 gene clusters producing 79 putative polyketides and 12 known polyketides from 52 genomes.
Overview of Web Interfaces
The MAPSI system provides various Web interfaces to access and analyze polyketide information. The structure of the Web interfaces consists of five parts; MapsiDB, genome analysis, MAPSI tools, domain analysis, and management (Fig. 2) . The MapsiDB portion displays detailed information on modular and type I iterative polyketides. This segment shows a data summary, PKS composition, and other related information on each polyketide. The "genome analysis" part provides tools, including genome-based polyketide analysis, and displays gene clusters producing polyketides from genomes analyzed by the auto-annotation component. The MAPSI tools are composed of "PKS prediction," which identifies domains from submitted proteins, and "PKS assembly," which displays an expected polyketide chain produced by an artificial PKS that is assembled by users. The domain analysis part provides a "homology search" and "multi-alignment" of domains. The management portion is the component that manages the polyketide database and the auto-execution of genome analysis for extending and editing the database.
Access to Polyketide Information MAPSI provides Web interfaces that display detailed information on both types of polyketides. The left menu of the "MapsiDB" page lists type I polyketides as modular or type I iterative (Fig. 3) . These polyketides can be sorted according to chain lengths and starter units. The main page shows a linear carbon body, a description, PKS composition, and other polyketides related to the selected polyketide. Because one polyketide can be produced by several different genomes, the "PKSs" tab lists the names of the genomes that produce the polyketide. PKSs involved in biosynthesis of the polyketide are displayed in a Similarity between domains can be determined through homology analysis and multiple sequence alignment. If users click a domain figure, a menu with hyperlinks to homology analysis and multiple sequence alignment appears. BLAST is used for homology analysis between the domains of the same type and ClustalW is employed for multiple sequence alignments. The left menu lists type I polyketides as modular or type I iterative, which can be sorted according to chain length and starter unit. The main page shows linear carbon body, data summary, PKS composition, and other polyketides related to the selected polyketide.
Fig. 2. Structure of Web interfaces.
The MapsiDB component displays detailed information on modular and type I iterative polyketides. The "genome analysis" component displays gene clusters producing polyketides from genomes, as analyzed by the auto-annotation component, and serves as an analysis component for genomes submitted by anonymous users. The "PKS prediction" component identifies domains from submitted proteins, and the "PKS assembly" component displays an expected chain body produced by an artificial PKS assembled by users. The domain analysis component provides "homology search" and "multi-alignment" of domains.
Visualization of Genome Analysis
The PKS gene clusters on a genome are displayed on a simple genome browser within MAPSI. If a gene cluster produces a known polyketide that is in MapsiDB, the genome browser is displayed on a "MapsiDB" page when the user selects a polyketide from the list on the left menu and clicks a genome name on the "PKS" tab in the polyketide information page.
The "genome analysis" page provides the results of autoannotation executed by a manager that searches microbial genome sequences for PKS clusters. This page also has a genome browser, which shows the position and composition of the PKS cluster for each polyketide in a genome. The page lists genome names that are stored in MapsiDB and displays the gene clusters of known or putative polyketides, including ambiguous PKS candidates that have PKS domains but do not belong to any gene cluster. MAPSI also provides a tool to analyze new genomes submitted by users. If a user uploads a genome sequence file in FASTA or GenBank format, the MAPSI tool can extract protein sequences and perform genome analysis. The latter takes a few hours, and MAPSI shows progress in real time. The results page also shows gene clusters of known or putative polyketides, and ambiguous PKS candidates.
The order of substrates channeling in modular PKS biosynthetic clusters is not necessarily colinear with the order of ORFs on a genome. Substrates channeling is governed by protein-protein interactions, which may not be obvious. Hence, MAPSI provides an interface that allows users to decide the order of PKSs interacting in the biosynthesis of a putative polyketide, with visualization of the intermediates.
Web Interface for Domain Identification
The "PKS prediction" component takes multiple protein sequences from uploaded files or simply pasted strings on appropriate boxes (Fig. 4A) . When multiple sequences are submitted, MAPSI identifies domains by executing HMMER. MAPSI then constructs modules of valid domain composition, each of which has responsibility for one elongation step, and predicts expected extender units by analyzing motifs of AT domains in the modules. Using predicted modules and extender units, a chain body of a polyketide is constructed, which can be synthesized by the submitted proteins. Because the domain identification results page also provides similarity analysis between domains, the user receives detailed information on the submitted PKSs and their products.
Assembly of an Artificial Polyketide Synthase
Modification of short carbon units, such as malonyl-CoA or methylmalonyl-CoA, is decided by the domain composition of modules. The "PKS assembly" component displays an expected chain body produced by an artificial PKS that is assembled by the interface (Fig. 4B) . This can aid researchers in simulating the structures of newly found PKSs and to easily understand their properties. To assemble the artificial PKS, a starter unit should be selected first, followed by extender units. This order can lead to a new combination of modules and a new linear chain body. MAPSI provides 18 starters including 2-methylbutyrylCoA, 3-methylbutyryl-CoA, 3,4-DHCHC-CoA, 3,5-AHBACoA, 3-amino-2-methylpropionate, acetoacetyl-CoA, acetylCoA, benzoyl-CoA, butyryl-CoA, cyclohexanecarboxylate, glycine, glycolate, p-aminobenzoate, p-coumaroyl-CoA, pnitrobenzoate, phenylacetyl-CoA, propionyl-CoA, and trans- When users submit multiple protein sequences, MAPSI identifies domains from the sequences and displays domain composition with an expected linear chain body. B. Users can assemble an artificial PKS by selecting modules and units, and the expected polyketide chain produced by the assembled PKS is then shown.
1,2-CPDA. MAPSI also provides 4 extenders: malonyl-CoA, methylmalonyl-CoA, ethylmalonyl-CoA, and hydroxymalonylCoA. Moreover, MAPSI provides 4 types of domain composition including KS-AT-ACP, KS-AT-KR-ACP, KS-AT-DH-KR-ACP, and KS-AT-DH-ER-KR-ACP. By combining these elements, diverse chain bodies of polyketides can be constructed.
As polyketides are of medicinal importance, exhibiting antibacterial, immunosuppressive, antitumor, or other pharmacological activities, numerous polyketides have been identified over the past several years. MAPSI, which provides diverse components to access and analyze polyketide information, has been developed for computational analysis of type I PKSs against genome sequences. MAPSI shows detailed information on polyketides such as PKS gene clusters, chain length, and carbon precursors. In addition, it has user-friendly analysis interfaces, including genome analysis, new PKS assembly, and domain analysis, which may become very powerful computational tools for polyketide research. Finally, it provides management components for MapsiDB, which contains polyketide and genome information.
Because many factors are involved in polyketide biosynthesis, MAPSI could be improved through further development. Although some polyketides have similar chain bodies, they have different structures and activities because of the use of different starter units. Post-synthetic processing steps, such as O-methylation, alkylation, cyclization, and glycosylation, also give polyketides diverse attributes. These factors are critically related to the biological activities of many polyketides, making information on these factors necessary for comprehensive analysis of polyketides. MAPSI will later include components enabling analysis of these factors. Although type I polyketides are the most widely known, type II and type III polyketides and nonribosomal peptides are also of considerable medicinal importance. In addition, many polyketides are produced by PKS-NRPS hybrid enzymes. Useful analysis and database systems will be developed for each polyketide.
Availability
The MAPSI software is a Web application. Project home page: http://gate.smallsoft.co.kr:8080/pks
